Recently, many flexible constitutive equations have been proposed for sheet forming simulations. However, various mechanical tests are required to determine the many material parameters needed for such models. In the present work, effort has been made to investigate the correlation between the polycrystal plasticity based yield loci and those determined from mechanical tests, in order to define yield functions easily and accurately with minimum amount of experimental work. The results for different materials indicate that, in many cases, the Hill'48 deviates significantly from the measured yield loci. The yield loci derived from measured texture and polycrystal plasticity perform better than the Hill'48 yield function in general. Based on the two yield loci derived from the Taylor full constraint model and the Pancake model, a new combined model is proposed. The new model uses the averaged biaxial points of the two models but keeps the shape of the yield loci derived from the Taylor full constraint model in the stretching regime. The stress factors in the uniaxial and shear mode are calculated by averaging the stress factors of the two models. The proposed new description has been validated using several steel grades.
Introduction
Finite element (FE) simulation has become a powerful modelling technique in the automotive industry. As a result, the number of trials for stamping, which are often quite expensive and timeconsuming, can be significantly reduced and consequently the development time for new models shortened. The reliability of FE modelling not only depends on the numerical description of the problem, but also on the description of process parameters and the constitutive material models available. An important part of constitutive material models for FE modelling is the yield function, which describes how the material flows plastically for a given strain path. The yield function has different variants depending on the approaches taken for the description of the plasticity of sheet metals. The first and the most common approach is to use a phenomenological yield function that employs analytical expressions such as the Von Mises criteria for isotropic materials [1] . Hill put forward a quadratic function for anisotropic materials with orthotropic symmetry [2] . Hosford introduced a non-quadratic yield function with a variable exponent for isotropic and anisotropic materials [3, 4] . Barlat and Lian further extended Hosford's criterion [5] . Later on, Barlat et al. and Banabic et al. proposed yield functions where anisotropy is introduced by means of linear transformations of the stress tensor and multiple fitting parameters to produce the desired anisotropy [6] [7] [8] [9] [10] [11] . While Vegter et al. used Bezier interpolation for a yield function based on measured yield stress in different strain modes [12, 13] . Today, the phenomenological approach is most commonly used in finite element simulations in sheet forming industry. One drawback of this approach is that it requires a significant number of mechanical tests to identify the parameters when a flexible yield function is used. This material characterisation process is very time consuming and is, therefore, not realistic for industrial application. Furthermore, it is not feasible to characterise the anisotropic behaviour in all regions of the six-dimensional stress or strain space by mechanical testing for sheet metals. Another approach is to use a polycrystalline plasticity model, like the full-constraint Taylor model or a relaxed version of Taylor model [14] [15] [16] [17] [18] . The Taylor model assumes that plastic flow occurs by crystallographic slip on given slip systems within each crystal and each crystal undergoes the same macroscopic strain. In realty, plastic deformation cannot be homogeneous due to grain boundaries and different orientations of each grain. Such strict constraint is relaxed to some extent in the Pancake model, in which through thickness shear components are relaxed. The crystal plasticity model can calculate the plastic work and the plastic stress of a grain with a given lattice orientation without any knowledge of the response of other grains if the velocity gradient tensor that describes this homogeneous plastic deformation is prescribed. This approach is based on the physical aspects of plastic deformation and on averaging the response over a large number of grains. The crystallographic texture is the main input to these models. Bunge used the Taylor theory to predict the r-values of textured materials [19] . Van Houtte used the same model and developed a code to derive the anisotropic yield locus description in full six-dimensional stress space [20] . Furthermore an analytical expression representing a plastic potential in strain rate space was developed by Van Houtte and this analytical expression has been implemented into elastoplastic finite element (FE) software for engineering applications [21, 22] . The problem with this approach is that the analytical expression was not widely adopted by commercial codes used in industry.
To combine the strength of the two approaches mentioned above, virtual experiment or multilevel modelling has been exploited recently [23, 24] . The polycrystalline plasticity approach can be used to predict the anisotropic response of the material for a much larger number of stress or strain modes than would be possible by mechanical testing, thus enabling the identification of the parameters of a sophisticated analytical constitutive model. However, the question remains whether the predictions by such an approach are sufficiently precise to replace real experiments. There are a variety of modified versions of the original full-constraint Taylor model, most of them designed to correctly predict rolling textures and account for local grain interactions by relaxation of some of the stress components on selected symmetry planes. Most of them have been assessed experimentally for the prediction of deformation texture, but the work to validate the yield loci is very limited mainly because the experiments to perform are extensive and difficult [25, 26] . The crystal plasticity finite element method (CPFEM) is closest to including most physical mechanisms but the approach is demanding with respect to mesh and calculation time, in addition to microstructure information if no simplified meshes and microstructure are employed [27] . However, considering the recent development of ultra high strength dual phase steels, the CPFEM could be the most important method for virtual experiments in the future. In this paper, the yield loci measured using various mechanical tests and those calculated from polycrystal plasticity models are compared. Furthermore, a new pragmatic description of yield loci based on the crystal plasticity calculations is proposed. The results indicate that the new proposed model describes the measured yield loci quite well for all the investigated materials.
Experimental procedures
Materials. The materials tested were an interstitial-free (IF) highly formable steel stabilised with Ti (DX54D+Z), IF-rephosphorised high strength steel (H220YD), Al-killed steel (DX52D+Z) and low alloy high strength steel (H340LAD). All materials were hot dip galvanised. The average mechanical properties and the plastic anisotropy r-values are listed in Table 1 .
Texture measurement. Preferred crystallographic orientation was determined using data from {110}, {200} and {211} incomplete reflection pole figure data set. Harmonic coefficients were calculated from these data to a truncation of L=22 using the least squares method. The measured ODFs at φ2=45 o section are shown in Fig.1 . The Ti stabilised interstitial free steel has strong and 544
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uniformly distributed γ fibre that is responsible for the high plastic anisotropy r-value. The IFrephosphorised high strength steel also has strong r-fibre with strongest intensity at (111) <211>. For aluminium killed steel and low alloy high strength steels, the γ fibre becomes even weak, resulting in low plastic anisotropy r-values. 
DX54D+Z H220YD
DX52D+Z H340LAD Fig.1 The ODF of the materials at φ2=45 o section.
Based on the measured texture data and polycrystal plasticity models, the yield loci can be calculated by using the Taylor full constraint model and the relaxed Pancake model. The Taylor full constraint model and the relaxed Pancake model are designated as FT and FP model, respectively, in the following text. In the present study, yield loci were calculated using MTM-FHM software developed by Van Houtte [28] .
Mechanical tests. In order to define the constants required for a constitutive material model, several mechanical tests, namely the uniaxial tensile test, the through-thickness compression test, the plane strain tensile test and the shear test were conducted. The compression tests were carried out in an MTS hydraulic testing machine as described elsewhere [29] . Stacked brick specimens were used in the test. The tests were performed at a strain rate of about 1.0x10 -2 s -1 . Oiled PTFE film was used as a lubricant. During the compression tests, the displacements in the rolling and transverse directions were measured with an extensometer, as shown in Fig.2 . Continuous load and displacement were measured and used to calculate the stress and strain data. The effect of friction was corrected following a procedure described elsewhere [30] . The plane strain tensile tests were conducted in the same hydraulic testing machine. The crosshead speed was 0.05mm/sec, giving a strain rate of approximately 1.0x10 -2 s -1 . The extensometer, shown in Fig. 3 , has an initial gauge length of 4mm. The gauge width of the specimen used in the plane strain test was 70mm. The load and displacement were measured continuously during the test, as described elsewhere [31] . The test device for the simple shear test developed in the lab has two symmetrical shear zones as shown in Fig. 4 . The specimen is fully clamped by three sets of clamping blocks and is acted on by
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an axial load. The shear strain was measured using an angular transducer. The measured shear stress was corrected according to the geometry of specimen used in the test. The correction procedure was published elsewhere [32] .
Results and discussion
Work hardening and work hardening model. The stress and strain data in the tensile tests were used to derive the strain hardening model. The hardening model is in the form of the Bergström stress and strain relationship [33],
The parameters, σ 0 , ∆σ m and Ω, in the formula are obtained by a multi-linear regression of the stress and strain data given by the uniaxial tensile tests in the rolling direction. The fitted parameters are listed in Table 2 . In the continuum plasticity, isotropic work hardening is assumed. This assumption is applied to derive the stress factors for the yield loci. Fig. 5 shows the measured work hardening and the model predictions for different strain states: uniaxial tension, plane strain tension and through thickness compression for two materials investigated. The results indicate that isotropic work hardening is valid, and the Bergström work hardening model can describe the work hardening in different strain modes quite well.
DX54D+Z
DX52D+Z Fig. 5 . The measured work hardening in different strain state (thick lines): uniaxial tension, plane strain tension and through thickness compression and the model predictions (thin lines) for DX54D+Z and DX52D+Z.
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A comparison of yield loci based on mechanical tests and derived from polycrystal plasticity.
Based on the hardening model and the stress and strain data in different mechanical tests, the stress factors of the yield loci, defined by the flow stress in different strain states divided by the flow stress in the hardening model, can be derived. The Corus-Vegter model requires data from four different strain modes; uniaxial tension, plane strain tension, biaxial stretching and shear. Because this model creates a fit through the measured points, it is considered that this model describes the yielding behaviour most accurately. The measured yield loci were compared with predictions from the TF and the TP model, and the Hill'48 yield function that is the most widely used in commercial FEM packages. To facilitate the comparison, yield loci from different approaches are scaled with the uniaxial stress factor in the rolling direction as shown in Fig. 6 for some materials. Fig. 6 . The yield loci measured from mechanical tests (Bez) and calculated from TF and TP model. 0 and 45 refer to 0/90 section and 45/135 section, respectively. The Hill'48 yield function is based on the anisotropic r-value in three directions measured in the uniaxial tensile tests. The results in the graph show that for some materials with weak textures, such as DX52D+Z and H340LAD, the Hill'48 yield function gives a reasonable description of the yield loci in comparison with the measured ones. However, for highly formable steels with strong γ-fibre texture, such as DX54D+Z and H220YD, the Hill'48 yield function can deviate significantly from the measured yield loci. The large deviation is not only in the biaxial stretching regime, but it is also for the uniaxial mode in the 45 section. The highly formable materials are used in most cases for complex outer panels where forming conditions are usually critical and good formability is required. For this reason, the yield loci used in stamping simulations should be accurate to give reliable predictions. The current results indicate that the Hill'48 yield function cannot describe the real yield behaviour for highly formable materials. For materials with weak texture for which the Hill'48 performs reasonably well, the two texture based models do not deviate much from the measured yield loci. They perform even better than the Hill'48 yield function. For the materials with strong γ-fibre texture, both the TF and the TP model also perform better than the Hill'48 yield function. In the biaxial stretching regime, the predictions are closer to the measured yield loci than Hill'48. In addition, the large deviation in the uniaxial mode in the 45 section observed for the Hill'48 yield function is not present for the TF and the TP model. In short summary, for all the materials investigated the polycrystal plasticity models perform better than the widely used Hill'48 yield function.
A careful comparison of the measured yield loci and those calculated from the polycrystal plasticity models indicates that the yield loci derived from the TF model capture the shape of the measured ones in general, but they are less elongated in the stretching direction, and the stretching factor is usually smaller than that derived from the TP model. The measured biaxial factors are between those calculated from the TF and the TP model. The difference in the other strain modes is negligible.
A new description of yield loci based on polycrystal plasticity. A comparison of the measured yield loci and the yield loci derived from different approaches indicates that the texture based yield loci are closer to the measured ones than the widely used Hill'48 yield function. The difference between the two texture based descriptions becomes significant for materials with strong γ-fibre. The yield loci derived from the TF model capture the shape of the measured ones in general, but they are less elongated in the stretching direction, and the stretching factor is usually smaller than that derived from the TP model. The measured biaxial factors are between those that are calculated from the TF and the TP model. Based on the observed features of the two calculated yield loci and the measured ones, a new description of yield loci combining the TF model and the TP model is proposed. The averaged value of the biaxial factors of the TF and TP model is used as the new biaxial point, and the ratios of the principal stresses over the biaxial factor are kept the same as those of the TF model for each stress mode. For the uniaxial and the shear points, the new stress factor is the averaged value of the TF and TP model. The procedure for the new yield loci is as follows.
For the biaxial stretching point, the stress factor is the averaged value of the stress factor for the TF model and the TP model, while the strain vector is the same as that for the TF model.
Where
and TP b f refer to the biaxial stress factor, and k b and k b TF refer to the strain vector on the yield loci for the newly proposed model and the TF and the TP model. For any stress points between the biaxial point and the plane strain point, the stress factor is calculated based on the stress ratio, SR, of the yield loci derived from the TF model and the newly calculated stress factor for the biaxial point.
Where TF SR is the stress ratio for a stress point over biaxial point for the yield loci derived from the TF model, it has two components, 1 f and 2 f , for the major and minor stress directions.
In the case of the plane strain point, the new plane strain points are expressed as; f are the stress factors for the plane strain point for the new model. For the uniaxial points, the stress factors are averaged of the stress factor for the TF model and the TP model, while the strain vectors or the R-values, are the same as those for the TF model.
Similarly, for the shear points, the stress factor is averaged of the stress factor for the TF model and the TP model, while the strain vector is the same as those for the TF model.
The four typical stress points are defined as described above. For any other stress modes on the yield loci that lie between plane strain and uniaxial point or between uniaxial and shear point, the new stress components are defined in the following way;
Here the x TF S and y TF S are the positions of the stress point in relation to the reference points in the major and minor stress directions on the yield loci defined using the TF model. 1 and 2 are the two reference points. Because the reference stress points for the new combined model have now been derived, the other stress points can be easily calculated by using the new reference points and the same stress ratio 
where A and C are normalised reference points and B is the corresponding hinge point. Depending on the position on the yield locus, A and C represent the normalised equi-biaxial, plane strain, uniaxial or pure shear stress points. The yield loci derived from the newly proposed model and the Hill'48 yield function in the 45/135 section are plotted together with the measured ones for comparison in Fig. 8 . The results demonstrate clearly that the newly proposed model gives a quite good description for all materials. This means that instead of performing time-consuming mechanical tests to derive the stress factors, the new approach based on the measured texture and polycrystal plasticity theory can provide a set of input parameters for the description of yield loci. Of course this approach needs further validation using a wide range of materials. 
